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In the present study we analyzed the responses of wheat to mild salinity and
drought with special emphasis on the so far unclarified interaction of these important
stress factors by using high-throughput phenotyping approaches. Measurements were
performed on 14 genotypes of different geographic origin (Austria, Azerbaijan, and
Serbia). The data obtained by non-invasive digital RGB imaging of leaf/shoot area
reflect well the differences in total biomass measured at the end of the cultivation
period demonstrating that leaf/shoot imaging can be reliably used to predict biomass
differences among different cultivars and stress conditions. On the other hand, the
leaf/shoot area has only a limited potential to predict grain yield. Comparison of gas
exchange parameters with biomass accumulation showed that suppression of CO2
fixation due to stomatal closure is the principal cause behind decreased biomass
accumulation under drought, salt and drought plus salt stresses. Correlation between
grain yield and dry biomass is tighter when salt- and drought stress occur simultaneously
than in the well-watered control, or in the presence of only salinity or drought, showing
that natural variation of biomass partitioning to grains is suppressed by severe stress
conditions. Comparison of yield data show that higher biomass and grain yield can
be expected under salt (and salt plus drought) stress from those cultivars which have
high yield parameters when exposed to drought stress alone. However, relative yield
tolerance under drought stress is not a good indicator of yield tolerance under salt (and
salt plus drought) drought stress. Harvest index of the studied cultivars ranged between
0.38 and 0.57 under well watered conditions and decreased only to a small extent
(0.37–0.55) even when total biomass was decreased by 90% under the combined salt
plus drought stress. It is concluded that the co-occurrence of mild salinity and drought
can induce large biomass and grain yield losses in wheat due to synergistic interaction
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of these important stress factors. We could also identify wheat cultivars, which show
high yield parameters under the combined effects of salinity and drought demonstrating
the potential of complex plant phenotyping in breeding for drought and salinity stress
tolerance in crop plants.
Keywords: drought stress, salt stress, interaction of drought and salt stress, high throughput phenotyping, wheat
INTRODUCTION
Drought and salinity are two widespread environmental abiotic
stress factors in many regions. Soil salinization is one of the
serious forms of soil degradation, which can arise from natural
causes and human-mediated activity, such as irrigation in arid
and semi-arid regions (Rengasamy et al., 2010). More than 800
million hectares of land throughout the world are salt-affected,
which has important consequences for the productivity of wheat
and other crops. Increased soil salt concentrations decrease the
ability of plants to take up water leading to apparent water
limitation, or can lead to the accumulation of salt in the shoots,
which negatively affects growth by impairing metabolic processes
and decreasing photosynthetic efficiency, partly through stomatal
closure (Flowers and Yeo, 1995; Maser et al., 2002; Munns, 2002;
Roy et al., 2014). As a consequence of the ongoing global climate
changes low water availability and salinization are expected to
affect up to 50% of all arable lands by the year 2050 (Wang
et al., 2003), which will hamper efforts to meet the dramatically
increasing demand for food predicted by the same year (Cobb
et al., 2013). Salinity can affect plant functions via two main
mechanisms (Munns and James, 2003; Munns and Tester, 2008;
Arzani and Ashraf, 2016): (i) via inducing external osmotic
pressure around the roots in the soil, which decreases the uptake
of water leading symptoms similar to caused by drought, and
(ii) via toxic effect of salt ions, mostly Na+ and Cl−, which
accumulate in the plant tissues, mostly in the leaves. The osmotic
effect is characteristic at low level of salinity and in the initial
phases of salt exposure, while the ionic effect occurs during long
term exposure and at high levels of salinity (Munns and James,
2003; Munns and Tester, 2008; Arzani and Ashraf, 2016).
Drought is one of the most common environmental stresses
that affect growth and development of plants, and continues to
be an important challenge to agricultural researchers and plant
breeders. It induces a shortage of water in the root zone resulting
in osmotic imbalance leading to decreased yield (Salekdeh et al.,
2009). Plants can survive drought by adaptive morphological and
physiological changes, which are reflected in their biochemical
processes. Drought stress often induces stomatal closure that
restricts the diffusion of CO2 into the leaf or due to non-stomatal
limitations, which leads to decrease of carbon assimilation and
other processes of photosynthesis (Ashraf and Harris, 2013; Guan
et al., 2015; Paul et al., 2016). Since salinity decreases water uptake
through the roots the co-occurrence of water shortage and saline
conditions can yield serious stress conditions.
Climate changes during last three decades have already caused
a significant yield loss and the global production of wheat was
decreased by 5.5% (Lobell et al., 2011). Global environmental
changes are expected to continue causing increasing occurrence
and severity of both drought and salt stresses (Tester and
Langridge, 2010), which will impact further food availability.
Therefore, breeding of crops for stress tolerance, including
drought and salinity, plays a significant role in agriculture and
requires proper understanding of physiological characteristics
and natural variations.
These data highlight the importance of studies addressing
stress physiology and spurred research on understanding the
mechanisms plants activate to respond to water, salt and other
abiotic stresses (Kumar et al., 2017). Physiological responses of
plants to drought and salinity stress have common features. Both
stresses induce cellular dehydration, which causes osmotic stress
and removal of water from the cytoplasm into the intercellular
space leading to stomatal closure, which affects CO2 fixation, etc.
(Flexas et al., 2004, 2007). Individually, salt and drought stress
conditions have been the subject of intense research (Nevo and
Chen, 2010; Zhang et al., 2014; Landi et al., 2017). However, in the
field plants are often exposed to the combination of two or more
stresses. Studies dealing with the combination of drought and
heat demonstrated that responses to combined stresses cannot be
simply extrapolated from the responses of plants to these different
stresses when applied individually, and this is expected to be
case for salinity and drought (see Mittler, 2006). The specific
effect of combined salt- and drought stress on wheat plants has
been the topic of only few previous studies, which indicated
that salinity and drought can interact and may enhance or even
ameliorate each other’s effects (Chen et al., 2009; Dugasa et al.,
2018). However, these studies compared only limited number (2)
of cultivars and did not address the complex response of biomass,
grain yield, water usage and photosynthetic parameters in detail.
High throughput phenotyping approaches are rapidly gaining
popularity in tracking morphological and physiological changes
of plants under stress conditions, where digital color imaging
can be used to quantify plant biomass, leaf area and plant height
(Majer et al., 2008; Rajendram et al., 2009; Harris et al., 2010;
Fehér-Juhász et al., 2014; Ghanem et al., 2015; Al-Tamini et al.,
2016). These parameters in combination with photosynthetic
activity measurements can provide valuable information on the
extent and mechanisms of stress induced crop yield loss, which
can be utilized in the selection of tolerant cultivars.
In the present work we have studied the interacting effects
of mild salinity and drought stress in bread wheat (Triticum
aestivum L.), which is a highly important crop with moderate
tolerance against salinity and drought (Munns and Tester, 2008).
The basic question of our work was to test if growth and
grain production in wheat can be affected, either positively
or negatively, by the co-occurrence of mild salinity and
drought, which conditions are expected to be more common
in the future due to the ongoing climate changes. Seedlings
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of wheat cultivars originating from Austria, Azerbaijan, and
Serbia were monitored during their whole life cycle using
the combination of phenotyping and photosynthetic tools. An
assessment was made of the interacting effects of drought and
salinity on biomass accumulation and grain yield, as well as
on photosynthetic electron transport, net gas exchange, and
antioxidant compounds. The data show that the co-occurring
saline and drought conditions synergistically interact and induce
higher loss of photosynthetic and yield parameters than would
be expected if these two stress factors are acted independently
from each other.
MATERIALS AND METHODS
Plant Material and Experimental Details
The experiments were conducted with 14 wheat (Triticum
aestivum L.) cultivars from Serbia (5), Austria (4), and Azerbaijan
(5), which were chosen on the basis of preliminary data available
for their drought tolerance (Table 1). Vernalization of 1-week-
old seedlings was carried out for 6 weeks, at 4◦C in a cold
chamber, under continuous dim light (50 µmol photons m−2
s−1 light intensity). Vernalized plantlets were planted into
plastic pots containing the mixture of Terra peat soil and
sandy soil (3:1, v/v). Equal amount of fertilizer (SUBSTRAL R©
Osmocote Plus R© containing 15% N, 10% P, 12% K, 2% Mg,
supplemented with microelements 0.02% B, 0.05% Cu, 0.4%
Fe, 0.06% Mn, 0.02% Mo, 0.015% Zn) was added to each pot
(2.8 g/l fertilizer in 1870 g soil mixture). Pot volume was 2 L
with 13 cm diameter. Each pot contained only one plants. Plants
were regularly irrigated and grown in controlled green-house
conditions for 2 weeks before starting the stress treatments.
Photosynthetically active radiation (PAR) within the controlled
environment was maintained with a 14 h photoperiod at a PPFD
of 400 – 500 µmol photons m−2 s−1, 22–25◦C and ca. 45–55%
relative humidity.
TABLE 1 | Literature information of wheat cultivars used in the study.
Country of
origin
Name Drought
tolerance
References
Austria ‘Donnato’
Austria ‘Midas’ Sensitive Teizer, 2010
Austria ‘Gallio’
Austria ‘Capo’ Tolerant Teizer, 2010
Azerbaijan ‘Tale 38’ Sensitive Talai, 2010
Azerbaijan ‘Azamatli 95’ Tolerant Huseynova et al., 2007; Talai, 2010
Azerbaijan ‘Giymatli 2/17’ Sensitive Huseynova et al., 2007
Azerbaijan ‘Gobustan’ Tolerant Talai, 2010
Azerbaijan ‘Gyrmyzy gul- 1’ Sensitive Talai, 2010; Babayev et al., 2013
Serbia ‘Balkan’
Serbia ‘NS 40S’ Tolerant Babic et al., 2011
Serbia ‘NS Avangarda’
Serbia ‘Suboticanka’ Sensitive Dencic et al., 2000
Serbia ‘Renesansa’ Dimitrijevic et al., 2009
Plants were grown under four different water/salt treatment
(T) conditions:
(i) T1, well watered (60% soil water capacity) and no salt
(NaCl) added,
(ii) T2, water limited (20% soil water capacity) and no salt
(NaCl) added,
(iii) T3, well watered (60% soil water capacity) and saline
conditions (0.2% NaCl, i.e., 2 g /kg soil), and
(iv) T4, water limited (20% soil water capacity) and saline
conditions (0.2% NaCl, i.e., 2 g /kg soil).
The water retention curve (Supplementary Figure 1 and
Supplementary Table 1) shows that the well watered (T1, T3)
and water limited (T2, T4) conditions correspond to −3 and
−3500 kPa soil water potential, respectively.
Salt was mixed in the soil before planting the seedlings in
order to ensure that plants are exposed to the same level of
salinity during their whole growth. Pots were closed on the
bottom, so the salt was not washed out from the soil during
the experiments. Controlled watering conditions were ensured
by using the computer-controlled water supply system of our
plant phenotyping platform (Cseri et al., 2013; Fehér-Juhász et al.,
2014). All plants were individually identified with radio frequency
ID tags, and were watered according to the preset watering
protocols, in order to maintain 20 or 60% soil water capacity,
under water limited and well watered conditions, respectively.
When the peat-sand mix is filled in the pots the soil water capacity
is ca. 40%. At planting the seedlings 150 mL water is added to each
pot containing 1870 g soil. The first adjustment water content
was after 1 (well watered)-2 (water limited) days to keep plants
growing. In case of the well watered (T1, T3) plants computer
assisted water adjustment was done every 2–3 days to keep the
target 60% soil water capacity. In case of the water limited plants
(T2, T4) the soil reached the 20% water capacity in ca. 1 week after
which this level was maintained by watering at ca. once a week.
Water use profiles were recorded at the level of individual plants
during the whole cultivation period from which the efficiency of
water usage, as well as the effect of NaCl on water utilization was
determined. Five replicates of each treatment were used for the
experimental studies conducted for 4 months (February–May) at
the greenhouse of the Cereal Research Ltd., Szeged, Hungary.
Biomass and Grain Yield Estimation
The shoot growth parameters were analyzed by digital RGB
imaging, which makes possible to separate plants from their
environment, using the HAS-SSDS phenotyping platform as
described earlier (Cseri et al., 2013; Fehér-Juhász et al., 2014).
These measurements provided information on plant height,
and total green biomass change during the whole cultivation
period. At the end of the experiment (13 weeks after the stress
treatments were started) grain production parameters (above
ground biomass, plant height, number of spikelet and seed
per spike, total grain weight) were determined by traditional
methods. From the ratio of the grain yield and above ground dry
biomass the harvest index (HI) can be calculated.
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Gas Exchange Measurements
Gas exchange parameters: CO2 uptake rate, transpiration,
stomatal conductance and intercellular CO2 concentration
were measured by using a Licor 6400 gas analyzer (Licor,
United States). Two to three selected pieces of attached leaves
from plant replicates under respective treatments were inserted
into the leaf chamber (6 cm2) for individual measurements
(Paul et al., 2016).The gas cuvette conditions were set to
400 ppm CO2, ambient temperature and growth light intensity
of photosynthetic active radiation (400 µmol photons m−2 s−1).
Electron Transport Rate of Photosystem
II (ETR II)
ETR(II) was monitored by using a Mini PAM photosynthesis
yield analyzer (WALZ, Effeltrich, Germany) in the reproductive
grain filling phase. The measurements were performed on the flag
leaf (Paul et al., 2016) in the 6th and 7th week after the start of
the stress treatments. The apparent rate of electron transport was
calculated as ETR(II) = Y(II) × PPFD × 0.5 × 0.84 (Genty et al.,
1989), where Y(II) is the effective quantum yield of PSII, PPFD
is the photon flux density of incident PAR. The two coefficients
(0.5 and 0.84) represent the fraction of absorbed light partitioned
to PSII, and the probability that the incident irradiance will be
absorbed by PSII in higher plants, respectively (Björkman and
Demmig, 1987; Schreiber, 2004).
Proline Content Determination
Fresh leaf samples (0.1 g from the fully developed leaf below
the flag leaf) were collected from all studied wheat cultivars
and stored in liquid nitrogen. The content of free proline
was determined as described earlier (Bates et al., 1973) at the
10th week after the start of the stress treatments. Samples
were homogenized in 3% (w/v) sulfosalicylic acid to precipitate
protein, and centrifuged at 14,000 × g for 10 min. The reaction
mixture contained 2 mL glacial acetic acid, 2 mL ninhydrin
reagent (2.50% w/v ninhydrin in 60 % v/v 6 M phosphoric acid)
and 2 mL of the supernatant. The incubation lasted for 1 h at 90◦C
then, after stopping the reaction with ice, 4 cm3 of toluene was
added and vortexed. The upper toluene phase was decanted into
a glass cuvette and absorbance was measured at k = 520 nm. Each
assay was performed in five replicates representing five leaves
from different plants for each treatment. The content of proline
was expressed as mg g−1 fresh weight according to a calibration
curve with proline.
Statistical Analysis
Calculation of mean and SD, tests for normal distribution
of data, one-way ANOVA analysis of the significance level
between mean differences (Supplementary Tables 3–12), as well
as heteroscedasticity tests for the distribution of residuals for
the linear regression of data were performed by the XLSTAT-
Premium software package (Supplementary Table 2) [Addinsoft
(2019), Boston, MA, United States]1.
Relative tolerance of biomass and grain yield of any of
the cultivars was calculated by expressing the yield parameter
1https://www.xlstat.com
(biomass or grain yield) observed under one of the stress
conditions (T2, T3, or T4) as a percentage of the same yield
parameter of the same cultivar obtained under the well watered
(T1) control conditions (Equation 1):
Relative yield toleranceTi(%) = YieldTi/YieldT1 × 100 (1)
where yield stands for either total dry biomass or grain yield,
YieldTi represents the observed yield under one of the stress
conditions (T2, T3, or T4 as defined under 2.1), YieldT1 is the
yield obtained under the well watered (T1) control.
RESULTS AND DISCUSSION
Effect of Drought and Salt Stress on
Green Biomass and Grain Yield
Digital imaging is a modern non-invasive method for estimating
green biomass of plants on the basis of projected leaf and
shoot area (Kacira and Ling, 2001; Furbank and Tester, 2011).
Application of this approach has revealed significant variation
in the rate of leaf/shoot development under drought and salt
stress conditions among the various wheat cultivars used in the
present study (Figure 1). Under well watered, T1, conditions
variety ‘Capo’ showed the highest projected leaf area reaching
its maximum on the 44th day (190 cm2), while ‘Renesansa,’
‘Balkan’ and ‘Suboticanka’ were the lowest (ca. 95 cm2). During
further cultivation the projected leaf area showed saturation and
then gradual decline due to the onset of senescence (Figure 1).
Drought stress, T2, drastically reduced the green leaf area in all
cultivars (Figure 1). However, ‘Capo’ still showed the highest
values at ca. 50% of that observed at well watered conditions,
while ‘Renesansa’ and ‘Azamatli 95’ were the most affected by
the drought conditions producing only ca. 40% leaf area as
compared to the well watered conditions. Green leaf area in
general was not significantly affected by mild salt stress under
well-watered conditions, T3 (Figure 1). However, there were
large cultivar dependent differences in the response to salinity:
‘Capo’ and ‘Donnato’ showed the highest projected leaf/shoot
area close to the levels observed in the T1 control. ‘Renesansa’
and ‘Balkan’ produced the lowest green leaf/shoot area, at ca. 75%
of the T1 control. When salt was applied together with drought
stress, T4, the projected leaf/shoot area decreased drastically in
all cultivars. The best performing variety ‘Capo’ decreased the
green leaf/shoot area to ca. 30% of its T1 control (Figure 1). In
the extreme case of ‘Azamatli 95’ ca. 84% leaf/shoot area loss was
observed under the combination of salinity and drought relative
to T1 (Figure 1).
Total aboveground dry biomass, which was determined at the
end of the cultivation period showed an almost 100% variation
between the highest (‘Capo’) and lowest (‘Suboticanka’) biomass
producing cultivars (Figure 2A). Mild salinity alone had only
a relatively small effect, ca. 18% loss in average, while drought
induced in average a ca. 50% biomass loss. When drought and
salinity was applied simultaneously the biomass loss was ca.
82% in average (Figure 2B). As regards relative tolerance of
biomass, i.e., the percentage of retained biomass in the stressed
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FIGURE 1 | Effect of drought and salt stress on projected leaf area of wheat plants. Digital RGB imaging was used to determine projected green leaf/shoot area of
individual plants of the selected 14 cultivars under well watered (T1: 60% soil water capacity), water limited (T2: 20% soil water capacity), well watered plus salt (T3:
2 g NaCl/kg soil, at 60% soil water capacity), and water limited plus salt (T4: 2 g NaCl/kg soil, at 20% soil water capacity) conditions. Data shown are means ± SE
(n = 5 plants/treatment). Statistical analysis of data is presented in Supplementary Table 3.
plants as compared to the well watered control, ‘Gallio’ showed
the best performance both in case of T2 and T3 treatments
(Figure 2B). The highest biomass decrease by salt stress was
induced for ‘Gíymatli-2/17’ (ca. 40%), while drought affected ‘NS
Avangarda’ and ‘Renesansa’ to the largest extent (ca. 60% loss).
‘Capo’ and ‘Tale 38’ showed the best resistance to the combined
T4 treatment (ca. 70% loss), while ‘Gíymatli-2/17’ and ‘Azamatli
95’ lost 90% of their biomass (Figure 2B). The T4-P columns
show the predicted biomass tolerance, which was calculated on
the assumption that salinity and drought induced biomass losses
occurred independently from each other. It is very important to
note that the actual tolerance of biomass under T4 condition is ca.
twofold smaller, than that predicted by assuming non-interacting
effects of salinity and drought.
In a recent work the combined effect of strong salinity
(100 mM applied form the 25th day of the experiment) and
strong water stress (water withdrawal leading to 4% relative
soil humidity by the 45th day of the experiment) was studied
in two wheat cultivars (Dugasa et al., 2018). Under these
conditions only small enhancement, or even a small protection,
was observed in the decrease in the plant height and shoot
biomass in comparison to the individually applied salinity and
drought stresses (Dugasa et al., 2018). These data indicate that
the interacting effects of salinity and drought can be more
pronounced in the presence of mild salinity and medium level
drought as was shown in our study.
Grain production in case of wheat is more important than the
overall above ground biomass, and the total grain yield could be
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FIGURE 2 | Effect of salt and drought stress on total biomass and biomass
tolerance in wheat plants. Dry biomass of the same population of wheat
plants, which were used for the digital phenotyping, was measured at the end
of the cultivation period. (A) The total dry biomass of the above-ground parts
of plants is shown for the well watered (T1), water limited (T2), well watered
plus salt (T3), and water limited plus salt (T4) conditions. (B) Stress tolerance
of dry biomass production for each cultivar was calculated as percentage of
biomass obtained under water limited (T2), well watered plus salt (T3), and
water limited plus salt (T4) conditions relative to the biomass of the same
variety obtained under well watered conditions, as described in the Section
“Materials and Methods” (Equation 1). The T4-P column shows the extent of
biomass tolerance, which is expected if salinity and drought would exert their
biomass retardation effects independently of each other. Data shown are
means ± SE (n = 5 plants/treatment). Statistical analysis of data is presented
in Supplementary Table 4.
considered as the most important yield parameter for agriculture.
Therefore, at the end of the cultivation period the grain yield
from the main spike, as well as the yield from the side tillers was
also determined. In absolute values the ‘NS Avangarda,’ ‘NS 40S’
and ‘Gobustan’ cultivars showed the highest grain yield values
under T1 control conditions, while the lowest yield was observed
for ‘Suboticanka’ and ‘Renesansa’ (Figure 3A). Similarly to green
leaf area and dry biomass the smallest yield loss was induced by
salinity, T3 (in average ca. 18%). In absolute terms the highest
grain yield under T3 was realized by ‘NS Avangarda’ and ‘Tale 38,’
while the lowest yields by ‘Suboticanka’ and ‘Renesansa.’ Under
drought the best performing lines were ‘NS 40S,’ ‘Gobustan’ and
‘Gymyzy gul-1,’ while ‘Renesansa’ performed worst. The most
drastic effect was observed under the combined T4 treatment
(Figure 3A). Highest total grain yield in this case was observed
in the ‘Capo’ and ‘Tale 38,’ the lowest for ‘Azamatli 95’ and
‘Renasansa’ cultivars (Figure 3A).
The relative loss of grain yield under stress conditions as
compared to the well watered conditions is a measure of yield
tolerance. As shown in Figure 3B the tolerance of grain yield
varied between 106% (‘Gallio’) and 60% (‘Giymatli-2/17’) under
saline (T3) conditions. Under drought, T2, ‘Gallio’ showed the
highest (62%), while ‘Capo’ and ‘Renesansa’ the lowest (38%)
relative tolerance of the grain yield. Considering those cultivars,
which retain at least 50% of their control grain yield under the
applied drought conditions being drought tolerant the ‘Gallio,’
‘Balkan,’ ‘Gyrmyzy gul-1,’ ‘Midas,’ ‘Gobustan,’‘NS 40S,’ belongs to
this category, this classification shows a good general agreement
with the literature data (Table 1). However, in some cases, which
have close to 50% grain yield tolerance (‘Tale 38,’ ‘Gyrmyzy
gul-1’) the literature classification is not tolerant, while in case
‘Azamatli 95,’ which in our case retains somewhat less than 50%
of the control grain yield, the literature classification is tolerant
(Talai, 2010).
The most serious yield loss was induced by the combined
T4 treatment. Under these conditions ‘Capo’ showed the best
(39%) and ‘Azamatli 95’ the worst (11%) yield tolerance, while
the average tolerance of all cultivars was 18%.
Similarly to that observed for biomass, the tolerance of grain
yield under the T4 condition was only ca. half of that was
predicted by assuming non-interacting effects of salinity and
drought (T4-P). These data demonstrate that mild salinity and
drought interact with each other and synergistically suppress
biomass and grain yield, well below the level that could
be expected from non-interacting effects. Interestingly, this
interacting effect is largely cultivar dependent and quite small
(factor of 1.1) in case of Capo, and very big (factor of 5.2) in case
of Gallio (Figures 2B, 3B).
Predictive Power of Leaf Area Monitoring
for Estimation of Dry Biomass and
Grain Yield
The basic idea behind the application of various imaging
approaches to follow shoot/leaf development is that they can
be used for predictions of important agricultural traits, such as
biomass, and grain yield at the end of the cultivation period. In
order to check the predictive potential of the projected green
leaf/shoot area we used the values obtained by taking the average
of leaf area values obtained on three different days between the
30–45 days of the experiment, where all cultivars were close to
or reached the maximal value of this parameters, and compared
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FIGURE 3 | Effect of salt and drought stress on total grain yield and grain yield
tolerance in wheat plants. Total grain yield of the same population of wheat
plants, which were used for the digital phenotyping and biomass
determination, was measured at the end of the cultivation period. (A) The total
grain yield is shown for the well watered (T1), water limited (T2), well watered
plus salt (T3), and water limited plus salt (T4) conditions. (B) Stress tolerance
of grain yield for each cultivar, was calculated as percentage of grain yield
obtained under water limited (T2), well watered plus salt (T3), and water
limited plus salt (T4) conditions relative to the grain yield of the same variety
obtained under well watered conditions, as described in the Section
“Materials and Methods” (Equation 1). The T4-P column shows the extent of
grain yield tolerance, which is expected if salinity and drought would exert
their yield retardation effects independently of each other. Data shown are
means ± SE (n = 5 plants/treatment). Statistical analysis of data is presented
in Supplementary Table 5.
it with the total dry biomass and grain yield determined at the
end of the experiment (75–80 days). According to Figure 4A, the
dry biomass shows a reasonably good linear correlation with the
projected leaf area for the complete data set, which includes all
FIGURE 4 | Correlation of projected leaf area with dry biomass and total grain
yield. Total dry biomass (A) and total grain yield (B) are plotted as a function of
projected leaf area for all wheat cultivars obtained under well watered (T1),
water limited (T2), well watered plus salt (T3), and water limited plus salt (T4)
conditions. The shape of the symbols corresponds to the treatments, while
the color code represents the different cultivars. Data shown are mean of
n = 5 plants/treatment. The solid lines represent the ideal linear correlation
trendline. Statistical analysis (heteroscedasticity tests for the distribution of
residuals) is presented in Supplementary Table 2.
studied cultivars under the four experimental conditions. There
are only few outliers from the general trend, e.g., ‘Capo’ and
‘Donnato,’ whose dry biomass falls below the general trend line.
This difference most likely reflects the specific morphological
characteristics of ‘Donnato’ and ‘Capo,’ i.e., relative large leaf area
with thin tissue.
Correlation of total grain yield with projected leaf area
(Figure 4B) is much less strict than seen for dry biomass
(Figure 4A). The data obtained for ‘Capo,’ ‘Midas’ and ‘Donnato’
are well below the line corresponding to the general trend,
which shows that in these cultivars a larger canopy is required
to produce the same amount of grains compared to the other
cultivars. Interestingly, the correlation of leaf area with either
total biomass or grain yield is very strict under the severe
conditions of simultaneous salt and drought stresses, and
breaks down gradually when the plants are grown under less
stressful conditions.
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The above data show that non-destructive shoot/leaf imaging
is a very useful approach to obtain data on above ground biomass
of wheat. This method reflects well the biomass differences
of different cultivars under the same growth conditions, and
also under different stress conditions. On the other hand, the
predictive potential of shoot/leaf imaging is much weaker when
the target is the estimation of grain yield. Although an overall
correlation exists between projected leaf area and grain yield this
correlation is not sufficient to predict the large differences in grain
yield belonging to cultivars with approximately the same leaf area
(Figure 4B). Therefore, in phenotyping studies where the target is
grain yield optimization conclusions based on projected leaf area
should be made with caution in agreement with earlier findings
(Paul et al., 2016).
Effects of Salt and Drought Stress on
Allocation of Photosynthates to Biomass
and Grains
The data obtained for dry biomass and grain yield can also be
used for the analysis of the drought- and salt stress induced effects
FIGURE 5 | Correlation of dry biomass and total grain yield. Total grain yield is
plotted as a function of total dry biomass projected for all wheat cultivars
obtained under well watered (T1), water limited (T2), well watered plus salt
(T3), and water limited plus salt (T4) conditions. The shape of the symbols
corresponds to the treatments, while the color code represents the different
cultivars. Data shown are means ± SE (n = 5 plants/treatment). The red solid
lines represent the best fitting linear correlation curves for each of the four
treatments with the indicated Pearson’s R values. Statistical analysis
(heteroscedasticity tests for the distribution of residuals) is presented in
Supplementary Table 2.
on the efficiency of allocating photosynthates to overall biomass
and to grain production. As shown in Figure 5, there is an
overall trend for correlation between grain yield and dry biomass.
However, the quality of the correlation depends on the applied
stress conditions. Interestingly, almost perfect linear correlation
(R = 0.971) was observed for the combined T4 treatment, which
produced the lowest biomass and grain yield. In the T1 control
conditions the tendency for linear correlation was maintained
(R = 0.774), but variability in the grain yield belonging to
roughly the same biomass was much larger (reaching 30%, in
case ‘Donnato’ vs. ‘NS 40S’ and ‘Gobustan’). In case of T2 and
T3 the correlation was also less strict (R = 0.837 and 0.694,
respectively) than of T4. The variation of grain yield at the
same total biomass reflects natural variation in the efficiency of
partitioning biomass into the grains. The interesting observation
is that under stress conditions, especially under the combined
drought- and salt stress, this variation is largely suppressed,
indicating that under stressful conditions plants can mobilize less
of their extra resources for grain production than under optimal
growth conditions.
The harvest index (HI) values are ranging from 0.55–0.57
(‘Gymyzy gul,’ ‘Suboticanka’) to 0.38–0.40 (‘Capo,’ ‘Donnato’) in
the T1 control (Figure 6). These values are decreased somewhat
by (0.05–0.10) by drought in some cultivars (‘Suboticanka,’
‘Donnato,’ ‘Capo’). Salinity decreased the HI value only in
‘Suboticanka’ when applied alone, but affected almost all cultivars
when applied together with drought by (0.05–0.15). However,
FIGURE 6 | Effect of drought and salt stress on the Harvest index. Harvest
index was calculated from the ratio of total grain yield and total dry biomass,
and shown for the different treatments: T1 (well watered), T2 (water limited),
T3 (salt, well watered), T4 (salt, water limited). Data shown are means ± SE
(n = 5 plants/treatment). Statistical analysis of data is presented in
Supplementary Table 6.
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in some cultivars (‘Donnato,’ ‘Midas,’ ‘Capo’), the HI value was
practically the same under T4 as in T1. Taken together, these
data show that even under very severe stress, when the total
dry biomass decreases to less than 10% of that produced under
control conditions the plants keep up the relative efficiency of
seed production in order to survive the harsh conditions. These
data are in agreement with earlier results obtained under salinity
(Harris et al., 2010).
Correlation of Drought and Salt
Tolerance
Both salt and drought stress have osmotic and oxidative
components, therefore, it is an interesting question if drought and
salt tolerance shows similar tendency in the different cultivars,
or not? Plotting the total dry biomass obtained under T3 and T4
treatments as a function of dry biomass obtained under drought,
T2, shows a reasonably good positive correlation tendency
(Supplementary Figure 2A). Similar result is obtained for the
total grain yield (Supplementary Figure 2B). The situation is
different when the stress tolerance of the yield parameters is
concerned. In case of both total biomass and grain yield there is
weaker correlation between the extent of stress tolerance of the
yield parameters observed under drought and saline conditions,
which practically disappears under simultaneous salt and drought
stress (Supplementary Figures 3A,B).
These data show that those cultivars, which have high total
biomass and grain yield under drought are expected to have
FIGURE 7 | Effect of salt and drought stress on the water use of wheat plants. Computer controlled watering was used to determine the water use of individual
plants of the selected 14 cultivars under well watered (T1), water limited (T2), salt plus well watered (T3), and salt plus water limited (T4) conditions. Data shown are
means ± SE (n = 5 plants/treatment). Statistical analysis of data for the final point of the experiment is presented in Supplementary Table 7.
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high total biomass and grain yield also under saline, and
saline + drought conditions. However, the relative tolerance
of total biomass and grain yield observed under drought has
only very weak prediction potential for biomass and grain yield
expected under salt, and salt plus drought conditions. In the
literature there are several examples showing that specific genes
and compounds can protect against the consequences of both
salinity and drought stress. These include MYB transcription
factors (Rahaie et al., 2010; Qin et al., 2012; Wei et al., 2017;
Du et al., 2018), sucrose non-fermenting1-related protein kinase
2 (SnRK2) (Zhang et al., 2010), Triticum aestivum salt-induced
protein (TaSIP) (Du et al., 2013), a NAC transcription factor
(TaNAC29) (Huang et al., 2015), dehidrins (Qin and Qin,
2016), the osmoprotectant D-pinitol (Ahn et al., 2018), an
Auxin Response Factor Gene (IbARF5) (Kang et al., 2018), etc.
The involved action mechanisms typically include antioxidative
defense (MYB TFs, IbARF5), osmoprotection (MYB TFs, SnRK2,
D-pinitol), ABA-dependent signaling (dehydrins) and also so
far unknown mechanisms (TaSIP) and can explain the similar
tendency for biomass and grain production under salt and
drought stress. Salinity besides inducing osmotic effect also acts
via ion toxicity (Munns and James, 2003; Munns and Tester,
2008; Arzani and Ashraf, 2016). Although the ionic effect is
expected to be small under mildly saline conditions it might
contribute to the retardation of biomass and grain explaining the
weaker correlation between the relative tolerance against salinity
and drought. In case of co-occurring salinity and drought the
situation might be complicated even further by the exhaustion
of antioxidant capacity in the simultaneous presence of the two
stress factors as discussed below, which breaks further down
the correlation of yield tolerance with that observed under
drought alone.
Effects of Salt and Drought Stress on
Water Usage
An important feature of the complex phenotyping approach
used in our system is the precise water management at the
level of individual plants. This was achieved by computer
controlled watering of each plant to maintain the preset soil
water capacity (20 and 60% for water limited and well watered
conditions, respectively). This approach made possible to record
the accumulated water usage for each plant, most of which was
lost through transpiration. The amount of transpired water was
quite different among the cultivars (Figure 7) showing up the
75% difference between the low (‘Suboticanka’) and high water
consuming cultivars (‘Capo,’ ‘Tale 38’). Similarly to the other
phenotypic markers water usage was only slightly affected by the
T3 salt treatment, and was 80% that of the T1 control. Drought
stress decreased the water usage by ca. 50%, while under the
combined T4 treatment plants used less than 20% of water as
compared to the T1 control.
The efficiency of plants to utilize water for grain production
can be estimated by the ratio of grain yield and of the used water.
The data in Figure 8 show that in average 1.8 g grains were
produced by transpiring 1 kg (1L) water under the T1 control
conditions. This value was increased to ca. 2.1 g/kg under T2,
FIGURE 8 | Effect of salt and drought stress on the efficiency water utilization
for grain production. The ratio of total grain yield and the amount of water
used during the whole cultivation period is shown for the selected 14 cultivars
under well watered (T1), water limited (T2), salt plus well watered (T3), and salt
plus water limited (T4) conditions. Data shown are means ± SE
(n = 5 plants/treatment).
and was decreased slightly (1.7 g/kg), or more seriously (1.5 g/kg)
under T3 or T4 treatment, respectively. The ‘NS 40S’ and ‘NS
Avangarda’ cultivars showed the highest efficiency in using water
for grain production, while ‘Renesansa’ and ‘Capo’ showed the
lowest values. These data show that the transpiration activity of
wheat plants was affected to a smaller extent by the co-occurring
salinity and drought than their grain producing efficiency.
Effect of Drought and Salt Stress on
Photosynthetic Activity
The basic process of biomass and grain production is
photosynthetic light energy conversion. The efficiency of
this process was quantified by measuring the rate of net
photosynthesis via CO2 fixation under the applied stress
conditions. Similarly to that observed in case of projected
leaf/shoot and grain yield the combined T4 treatment caused the
largest loss of net photosynthesis as compared to mild salinity
(T3) and drought (T2) alone (Figure 9). However, the effect
of T4 treatment relative to the T1 control and to the single T2
and T3 treatments was not so pronounced as seen for the leaf
area and grain yield. In case of ‘Capo,’ ‘Suboticanka’ and ‘NS
Avangarda’ the net CO2 uptake rate was maintained at 75–80%
level of the well watered control and it decreased to 45–50% in
case of ‘Glymatli 2/17’ and ‘Gobustan.’ The effects of salinity and
drought on photosynthesis are attributed among other factors to
the stomatal limitations for diffusion of gasses, which ultimately
alters photosynthesis and the mesophyll metabolism (Parida
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FIGURE 9 | Effect of salt and drought stress on the gas exchange parameters. A Licor 6400 gas analyzer was used to determine the rate of CO2 uptake, stomatal
conductance, intercellular CO2 concentration and the rate of evaporative water loss. The data obtained for the 14 selected wheat cultivars is shown under well
watered (T1), water limited (T2), salt plus well watered (T3), and salt plus water limited (T4) conditions. Data shown are means ± SE (n = 10–12 repetitions on 5
different plants). Statistical analysis of data is presented in Supplementary Tables 8–11.
et al., 2005; Chaves et al., 2009). Under mild stress, a small
decline in stomatal conductance may have protective effects
against stress, by allowing plant water saving and improving
plant water-use efficiency by the plant (Chaves et al., 2009).
However, under conditions of prolonged exposure to salt and/or
drought stress stomatal limitation decreases the net rate of
photosynthesis, as well as biomass and grain yield, which was
indeed very clearly seen in our data. In almost all cultivars in our
study drought induced larger loss of stomatal conductance than
mild salinity (Figure 9). The simultaneous T4 treatment induced
a large increase of stomatal closure in most of the studied
cultivars, but in some cases (‘Gyrmyzy gul 1,’ ‘Balkan’) the effect
of the double stress was practically the same as of drought alone.
Plotting the net rate of photosynthesis as a function of stomatal
conductance shows an approximate linear correlation between
the two parameters (Supplementary Figure 4), which confirms
that the primary cause for the decrease of net photosynthesis rate
is the closure of stomata.
The intercellular CO2 concentration calculated from the CO2
gas exchange data is also an important parameter since it provides
information on the site where limitation of net photosynthetic
activity occurs under the applied stress conditions. Decrease
of the intercellular CO2 concentration under stress exposure
indicates that photosynthesis is limited more by the decrease
of stomatal conductance than by the decrease of biochemical
activity of the Calvin-Benson cycle. The opposite case, i.e., an
increase of the intercellular CO2 level indicates a primary effect
at the level of the biochemical activity, since CO2 can still enter
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the leaf tissue via the stomata, but cannot be utilized by the
CO2 fixing biochemical processes (Lauer and Boyer, 1992). The
data show that drought alone and especially in combination with
salinity decreases the intercellular CO2 level in all wheat cultivars
(Figure 9), confirming that the main cause of decreased net
photosynthetic activity under T2 and T4 treatments is the closure
of stomata, which is in agreement with the general correlation
of the rate of net photosynthesis and stomatal conductance
(Supplementary Figure 4). Under saline, T3, conditions the
decrease of the intercellular CO2 concentration is much less than
observed for the combined T4 treatment, which is in agreement
with the smaller effect on stomatal conductance.
Photosystem II (PSII) is the final source of electrons for
photosynthesis and its function is also prone to damage by
various stress factors. The rate of electron transport through
PSII is indicative of PSII activity itself and also of its limitation
by electron sinks, especially the Calvin-Benson cycle. The light
intensity dependence of ETR(II) is shown for two cultivars in
Supplementary Figure 5. As seen for other parameters, ETR(II)
is decreased most by the combined T4 treatment. Under these
conditions saturation occurred at lower light intensities and at a
lower saturation levels than in the T1 control or in the T2 and T3
treatments. These data are consistent with the limited terminal
electron sinks, most likely at the level of the Calvin-Benson cycle,
under the salt plus drought stress conditions.
Proline Accumulation
Proline accumulation is one of the common characteristics
in many monocotyledons under water deficit, salinity and
oxidative stress conditions (Szabados and Savouré, 2010). An
increase of proline content was detected under drought stress
in our study, especially in genotypes of ‘Tale 38,’ ‘Azamatli
95,’ ‘Giymatli 2/17,’ and ‘Gallio,’ but the effect was statistically
significant only for ‘Giymatli 2/17.’ Increase of proline under
T4 in comparison to T1 was significant in all cultivars with
the exception of ‘Midas,’ and showed the largest effect in
‘Gallio’ (Figure 10 and Supplementary Table 11). It is assumed
that the accumulation of proline is an adaptation response
partly to provide osmoprotection as well as to decrease the
damaging effects caused by reactive oxygen species, which
are produced due to limitation of photosynthesis induced by
stomatal closure (Szabados and Savouré, 2010). Since the mild
level of salinity used in our experiments did not induce significant
proline accumulation when applied alone we can conclude that
accumulation of salt ions was negligible under our mild saline
conditions. Also, drought alone induced only a statistically
insignificant increase of proline (Figure 10). Therefore, the
proline data indicate an enhanced osmotic and/or oxidative effect
only under the combined application of salt and drought stress,
which is not compensated by other defense mechanisms.
It is also interesting to observe that proline induction was
relatively small in cultivars, such as ‘Capo’ and ‘Tale 38,’ which
showed the highest tolerance of biomass and grain yield under
the combined T4 treatment. This indicates that these cultivars
were effectively preventing the formation of harmful oxidative
conditions by other antioxidant systems without the need for
a large extent of proline production. In contrast, cultivars,
FIGURE 10 | Effect of drought and salt stress on proline accumulation. Proline
content was determined from leaf samples collected the fully developed leaves
below the flag leaves at the 10th week after the start of the stress treatments.
Free proline content was determined according to Bates et al. (1973) for the
14 selected wheat cultivars under well watered (T1), water limited (T2), salt
plus well watered (T3), and salt plus water limited (T4) conditions. Data shown
are means ± SE (n = 5 plants/treatment). Statistical significance of T4 with
respect to other treatment conditions T1, T2, and T3 were indicated.
Statistical analysis of data is presented in Supplementary Table 12.
such as ‘Gallio,’ which suffered large biomass and grain yield
loss under the double stress conditions showed very high
level of proline production, indicating the inefficiency of other
antioxidant protective mechanisms. Limitation of antioxidant
response might also explain at least partly the large synergistic
retardation of biomass and grain production, i.e., difference
between the measured and predicted yield loss values under the
T4 treatment, observed in ‘Gallio’ (Figures 2B, 3B). Exhaustion
of the antioxidative defense capacity by the co-occurring salinity
and drought can lead to a situation of largely enhanced damage
in ‘Gallio.’ In the opposite case of ‘Capo’ and ‘Tale 38’ the
antioxidative defense capacity seems to be sufficient to combat
not only the effects of salinity and drought when occur separately,
but also when they occur together. Therefore, the yield loss
under the combined stress conditions is only slightly exceeds
the level, which is expected by assuming non-interacting damage
mechanism by salinity and drought.
CONCLUSION
In our study we used a greenhouse based phenotyping platform
to obtain detailed data about the salt and drought stress induced
responses of 14 wheat cultivars originating from different
geographical locations, regarding their green and dry biomass,
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grain yield, water consumption, photosynthetic activity, and
proline accumulation.
Our data show that RGB imaging, which is the most
commonly used phenotyping approach, provides very useful data
for the estimation of biomass accumulation even if applied only
in part of the plant development period. On the other hand RGB
imaging of leaf/shoot area has only a limited predictive potential
for grain yield. Therefore, the actual determination of grain yield
cannot be replaced with shoot/leaf imaging when grain yield
optimization is the target of the project.
The presence of a mild level salinity, 2 g NaCl/kg soil,
induced only a small effect (ca. 18% loss in average) in
the phenotypic parameters under well watered conditions.
A larger adverse effect was induced by drought stress (50%
loss in average). Importantly, a large enhancement of biomass
and grain yield loss (83% in average) was observed when
salinity was combined with drought stress. The actual yield
loss was twofold larger in average than that would be
expected if salinity and drought were exerting their effects
independently. These data show for the first time that salinity
and drought can have synergistically interacting adverse effects
on biomass and grain yield. The mechanism of this interaction
is not clear at present, but cultivar-dependent differences,
which are correlated with proline accumulation, indicate that
it might be related to limitations of antioxidative defense
capacity. Future studies at the molecular level, including
Na+ and Cl− determination in the leaves, are required to
clarify the actual mechanism behind the interacting effects of
salinity and drought.
The finding of interacting effects of mild salinity and drought
have important consequences for agriculture since it shows that
when mildly saline areas are affected by drought the crop yield
loss can be aggravated. However, the large differences among the
cultivars shown by our data in the level of their tolerance against
the combination of salt and drought stress indicates an important
potential for identifying the involved defense mechanisms and
also for selection or creation of wheat cultivars, which show
higher tolerance against these conditions.
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